Introduction
During the last decade, green and renewable energy sources such as solar and wind have become highly desirable, increasing the demand for more reliable and efficient electric energy storage systems. The all-vanadium redox flow battery (VRFB) is one of the most promising energy storage systems that is suitable for large-scale applications [1, 2] . ) electrodes during the reversible chargeedischarge process [9] . The crosscontamination due to the intermixing of the different redox couples does not result in irreversible damage of the VRFB system. This provides for a battery system with high energy efficiencies (EE) and long lifetime [4] .
Cation exchange membranes (CEM) are typically used as solid electrolyte separators in VRFBs, and they are a key component that significantly influence the various efficiency metrics. The properties desired for the CEMs include high ionic conductivity, high selectivity (low permeability towards active elements), reasonable chemical, mechanical and thermal stabilities, and low cost [3,11e13] . Commercial CEMs such as Nafion ® (DuPont) [14] , Selemion ® CMV and AMV (Asahi Glass, Japan) [15] , Gore-Select ® (W. L. Gore & Associates, Inc.) [16] and Neosepta ® (Astom Corp., Japan) [17, 18] all exhibit excellent properties. However, they are relatively expensive and this is an obstacle for their wide utilization as separators in VRFBs [19] . Hydrocarbon-based polymer backbones containing aromatic rings have been studied as an alternative to the commercial (perfluorinated) CEMs because of their lower cost and similar properties [13,20e25] . Anion exchange membranes (AEMs) have fixed cationic groups attached to the polymer backbone and are effective in excluding cations present as the active species in the positive and negative electrolytes. For this reason, when employed in VRFBs, they usually result in higher coulombic efficiencies (CE) than CEMs. Positively charged ions can be repelled by the quaternary ammonium groups in AEMs (Donnan exclusion effect) [26] , and the narrower hydrophilic channel encountered in aromatic-hydrocarbon-based AEMs typically results in cation permeabilities lower than those observed in perfluorinated CEMs [23, 27] . The polymer backbones that have been used as CEMs and AEMs for applications in VRFBs include: poly(arylene ether) [20] , poly(fluorenyl ether) [27] , poly(ether ether ketone) [28] , poly(ether sulfone) [29] , polysulfone [22, 30] , poly(phthalazinone ether ketone) [31] , poly(-phthalazinone ether ketone ketone) [32] , poly(tetramethydi phenyl ether ether ketone) [25] , and cardo-poly(ether ketone) (PEK-C) [33] . Several efforts have been made to achieve the desired properties by employing: (a) copolymers, and (b) organic/inorganic composite membranes [4,13,34e36] .
Copolymerization of two or more different monomer units permits excellent control of the polymer microstructure, and allows the tuning of transport properties. Kumar et al. prepared AEMs based on poly(vinyl alcohol) (PVA) and copolymers of poly(acrylonitrile-dimethylamino ehtylmethacry late) (PAN-DMAEMA) [37] . They found that when the DMAEMA concentration increased (from 40 to 70%) in the polymeric membranes, the ion exchange capacity (IEC) increased from 0.78 to 1.18 meq g
À1
, and that the resulting AEMs performed better in an electrodialysis cell (coulombic efficiency, CE, increased from 80 to 93%). Takimoto et al. synthesized a series of multiblock copolymers with disulfonated poly(arylene ether sulfone) hydrophilic blocks (BPSH) and non-sulfonated poly(arylene ether sulfone) hydrophobic blocks (BPS) and random copolymers with BPSH and BPS [38] . They found that the proton conductivity increased from 76 to 131 mS cm À1 when the block length (of the BPSH-BPS block copolymer) increased from 3000 to 10,000 g mol
. Fang et al. prepared AEMs based on copolymers of N-vinylimidazole and 2,2,2-trifluoroethylmethacrylate and tested them in a VRFB obtaining EEs of 75% at a current density of 50 mA cm
À2
; Under similar conditions, Nafion ® 117 resulted in an EE of 72.6% [34] .
When inorganic additives such as silica or titania are incorporated into the polymer matrix, the membrane permeability and the ionic conductivity usually decrease as consequence of presence of fillers in the hydrophobic domains, which reduce the free volume for water uptake, increase channel tortuosity, and distort the ionic channels by affecting how the polymer phases separate at the nanoscale [21, 39, 40] . Functionalized inorganic additives are highly desirable materials to minimize the negative effect of inorganic fillers on the ionic conductivity. The presence of inorganic fillers with ionic groups anchored to the surface (sulfonic acid, ammonium cations, etc…) helps to retain the ionic conductivity while reducing the permeability by blocking the passage of the species through the ionic channels (the same effect as exhibited by non-functionalized inorganic fillers) [41] . Singh et al. prepared organic/inorganic hybrid AEMs by using 3-aminopropyltriethoxysilane and glycidyltrimethylammonium chloride. The latter two components hydrolyze and condense into a silica network that forms nanoparticles inside the membrane during the fabrication process. The authors were able to improve the ionic conductivity of the composite AEMs by 30% by increasing the additive loading from 50 to 70 wt% [42] . Li et al. prepared organic/ inorganic composite AEMs with quaternized poly(arylene ether sulfone) (QPAES) and ZrO 2 filler, and demonstrated that the ZrO 2 crystalline phase facilitated the formation of ionic channels in the hydrated membranes due to the fixed functional groups on the crystalline phase [24] . The hydroxide conductivity increased from 9.5 ± 0. 6 As shown in the above studies, the polymer backbone and the AEM preparation methods play a significant role in the properties of the membranes. In this study, we have synthesized composite AEMs using quaternized silsesquioxane additives and quaternized cardo-poly(ether ketone) (PEK-C). We aim to improve the ionic conductivity and reduce the vanadium permeability, while maintaining chemical, mechanical, and thermal stability of pristine quaternized PEK-C. The composite membranes were characterized systematically by
chemical, mechanical, and thermal analysis. Chargedischarge cycling in VRFBs using composite AEMs as separators was also performed.
Experimental methods
Synthesis of quaternized PEK-C-based AEMs and preparation of composite AEMs with quaternized PEK-C and quaternized silsesquioxane inorganic additives Initially, 10 g of PEK-C (Xuzhou Vat Chemical Company, Mn z 38,500 and Mw z 90,700) was dissolved in 500 mL of 1,1,2,2-tetrachloroethane (>98%, Sigma Aldrich). After the polymer was completely dissolved, 6 g of paraformaldehyde (96%, Acros), 25 mL of chlorotrimethylsilane (98%, Acros) and 0.47 mL of tin tetrachloride (>99%, Sigma Aldrich) were added to the reaction mixture. The reaction was carried out at 80 C and 350 rpm for 240 h. The chloromethylation was stopped by precipitating the chloromethylated PEK-C in 1 L of methanol. The precipitate was recovered by centrifugation (Thermo Scientific, Multifuge X1) at 7500 rpm for 12 min, and purified by re-dissolution in chloroform (anhydrous, >99%, Sigma Aldrich) followed by re-precipitation in methanol. Finally, the purified chloromethylated PEK-C was dried in a vacuum oven at 40 C for 48 h.
Quaternized PEK-C based AEMs (QPEK-C) were obtained by reacting the chloromethylated PEK-C with trimethylamine. The quaternization reaction was carried out at 30 C in dimethyl sulfoxide (>99.9%, Sigma Aldrich) [29] . Thin film membranes (with thickness in the range of 45e55 mm) were obtained by casting the previous solution onto glass plates (7.5 cm Â 7.5 cm) in a leveled oven at 70 C for 12 h, followed by and inorganic components were mixed and stirred for 2 h before casting the suspension in a glass plate (using the same casting procedure described above for pristine QPEK-C AEMs). Pristine QPEK-C AEM and composite AEMs (QPEK-C/TMSP-TMA þ ) were immersed in 1 M Na 2 SO 4 for 24 h to exchange them to the sulfate counter-ion form. Finally, the AEMs were rinsed with deionized water to remove any excess ions adsorbed on the surface, and stored in deionized water until use.
Determination of ion exchange capacity (IEC)
The IEC of the AEMs was determined using the Volhard titration method. AEM samples (in the chloride form) of approximately 0.1 g were dried in a vacuum oven at 60 C for 24 h, weighed to record the dry weight, and immersed in 20 mL of 1 M NaNO 3 for another 48 h to ion exchange the chloride initially present. Then, 5 mL of 0.1 N AgNO 3 and 3 drops of 0.1 M Fe(NO 3 ) 3 (indicator used to detect the end-point) were added under stirring. The solution was back-titrated using 0.1 N KSCN. The IEC was calculated by using the following equation:
where V blank and V eq are the volume of 0.1 M KSCN employed to reach the equivalence point (mL) for the blank (sample containing 1 M NaNO 3 but no AEM) and for the sample; and m is the dry weight of the membrane (g).
Water and 3 M H 2 SO 4 solution uptake
Water and sulfuric acid (3 M H 2 SO 4 ) uptake were measured by immersing the AEM samples in the respective media at 30 C for 24 h. Then, samples were taken from the temperaturecontrolled oven, liquid drops from the surface were removed, and the weight was quickly recorded to avoid membrane dry out. The samples were then dried in a vacuum oven at 60 C for 24 h and weighed to determine the dry weight. The following equation was used to determine the water or sulfuric acid uptake (in liquid phase):
where WU is the water or sulfuric acid uptake (in weight percentage; wt%), W hydrated is the weight of the samples after equilibration in deionized water or 3 M H 2 SO 4 solution, and W dry is the AEM dry weight.
Membrane ionic conductivity
The ionic conductivity of QPEK-C and of the composite membranes (in sulfate form) was measured in a fourelectrode conductivity cell. A membrane sample (with an approximate size of 1 cm Â 3 cm) was assembled in the fourelectrode conductivity cell and immersed in deionized water in a thermostatic bath. Electrochemical impedance spectroscopy (EIS) was used to measure the impedance in the frequency range from 100 kHz to 0.1 Hz (using a Gamry potentiostat; series G750). The high frequency resistance (R hf , Ohm), together with the distance between the electrodes (L, cm), and the membrane thickness (t, cm) and width (w, cm) were used to calculate the membrane ionic conductivity (s, S/ cm) as follows:
The dimensions of the membrane (thickness, t; and width, w) were measured for the membrane when fully hydrated.
VO 2þ ion permeability
To measure the vanadium permeability, the membrane was placed between two compartments of a diffusion cell (20 mL diffusion cell from PermeGear Inc, with an effective area of 4.91 cm 2 ). The top compartment was filled with 5 mL of 1.5 M VOSO 4 in 3 M H 2 SO 4 and the bottom compartment was filled with 20 mL of 1.5 M Na 2 SO 4 in 3 M H 2 SO 4 . Samples from the diluted side (Na 2 SO 4 solution) were withdrawn at i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n e n e r g y 4 1 ( 2 0 1 6 ) 1 0 7 6 6 e1 0 7 7 5 predetermined time intervals, and the absorbance measured at a wavelength of 745 nm. The concentration of VO 2þ was estimated using a previously obtained calibration curve. VO 2þ permeability was determined using the following equation:
where P is the membrane permeability to vanadium (IV) (cm 
Mechanical testing: tensile test
Dynamic mechanical analysis (DMA) was performed to determine the ultimate tensile strength (UTS), elongation at break (EB), and Young's modulus of the AEMs with different TMSP-TMA þ additive loadings. A Q800 differential mechanical analyzer (TA Instruments) equipped with a relative humidity chamber (DMA-RH Accessory, TA Instruments) and a film tension clamp (TA Instruments) were used in the experiments. The membrane (approximate dimensions: 30 mm Â 5 mm Â 0.05 mm) was fixed in the film tension clamp using a torque of 9 lb F Â in., and was then heated to 60 C under 50%
RH. The membrane was allowed to equilibrate for 60 min before starting the test. The tensile test was performed by stretching the membrane at 0.5 MPa min À1 until failure.
Thermogravimetric analysis (TGA)
The experiment was performed in a Discovery TGA series thermogravimetric analyzer (TA Instruments) using a highresolution scan program at 50 C/min (this program is approximately equivalent to a constant scan rate program at 10 C/min, but it adjusts the scan rate depending on the rate of weight loss and hence is faster). The experiments were performed while purging the furnace with nitrogen gas (50 mL/ min).
Oxidative stability of the composite AEMs in vanadium (V) solution
AEM ex-situ oxidative stability was evaluated by immersing QPEK-C/TMSP-TMA (sulfate salts) in 3 M H 2 SO 4 . Both solutions were circulated through the electrodes using two peristaltic pumps at a constant flow rate of 100 mL min
À1
. A redox cell test system (model 857, Scribner Associates, Inc.) comprising a fluid control unit and a potentiostat with impedance spectroscopy capabilities was employed in the experiments. System control and data acquisition were done using the Flow Cell software (version 1.1, Scribner Associates, Inc.). The battery was charged and discharged at constant current densities ranging from 20 to 100 mAcm À2 at a cell temperature of 30 C. The flow battery was considered charged once the cell voltage reached 1.65 V and discharged when the cell voltage dropped below 0.65 V (cutoff voltages). The current efficiency (CE), energy efficiency (EE) and voltage efficiency (VE) were calculated using the following equations:
where Q d and Q c were the capacity (A h) during discharging and charging of the flow battery, and E d and E c were the energy (W h) released during the discharge and consumed during charge, respectively.
Results and discussion
Characterization of QPEK-C/TMSP-TMA þ composite membranes QPEK-C AEMs were prepared through chloromethylation of PEK-C followed by quaternization using trimethylamine (TMA), with selected amounts of inorganic additive added as required to yield membranes with the desired composition (see Fig. S1 in the ESI for photographs of the pristine and composite membranes). The chemical structure of the QPEK-C-based AEMs was confirmed by 1 H NMR spectroscopy (see Fig. S2 ). [33] .
(chloromethyl group; eCH 2 eCl) that appeared at a chemical shift between 4.7 and 4.9 ppm. This peak remained almost at the same position after quaternization. A large peak corresponding to the 9 protons in the methyl groups attached to the quaternary ammonium was also found at 3.2 ppm.
Composite membranes were prepared using an ex-situ method by adding the appropriate amount of trimethoxysilyl propyl)-N,N,N-trimethylammonium chloride (TMSP-TMA þ , functionalized silica precursor) to QPEK-C AEM dissolved in dimethyl sulfoxide. The ion exchange capacity (IEC) and water or sulfuric acid uptake of the composite membranes of different compositions (QPEK-C/x wt%TMSP-TMA þ ) were measured to investigate the relationship between these properties and ion transport properties. The IEC of the QPEK-C/x wt%TMSP-TMA þ composite membranes increased with the loading of TMSP-TMA þ ( Table 1 ). We have also observed similar trends for the change in membrane water uptake and the number of water molecules per ion exchange site (l) ( Table  1 and Fig. S3 ). Sulfate ion conductivity increased initially with TMSP-TMA þ loading, but for loadings above 30e40 wt%, it started to decrease (see Table 1 ). The concentration of quaternary ammonium groups inside the polymer matrix increased upon introduction of TMSP-TMA þ additives, and resulted in an improvement of ion transport and hydrophilicity of the membranes. As expected, adequate hydration of quaternary ammonium moieties enhanced the ionic conductivity (see Table 1 and Fig. S3 ). The highest sulfate ion conductivity was 8.4 ± 0.2 mS cm À1 for composite membranes with 20 wt% loading of TMSP-TMA þ . Further addition of the inorganic filler resulted in a reduction of the ionic conductivity, despite further enhancement in the IEC and hydrophilicity of the membranes (i.e. increasing water uptake and l). The reduction in ionic conductivity at relatively higher additive loadings has been frequently reported in the literature for organic/inorganic composite membranes [46e48]. Large additive loadings can lead to blockage and disruption of the ionic channels, particle agglomeration and micro-hole formation in the microstructure of the polymer matrix, all resulting in a decrease in ionic conductivity.
The addition of the functionalized inorganic additives containing cationic groups (propyl trimethylammonium) also resulted in a substantial reduction in vanadium ion permeability through the AEM. The reduction in the permeability to vanadium cations can be explained by the enhancement in the concentration of fixed cation groups, which enhance the Donnan exclusion effect. Pristine QPEK-C AEMs and QPEK-C/ 10-20wt%TMSP-TMA þ composite organic/inorganic AEMs exhibited 1e2 orders of magnitude lower vanadium (IV) cation permeability when compared to Nafion ® 212, which had a permeability of 3.2 Â 10 À8 cm 2 s À1 [49] .
There was no detectable VO 2þ permeation through the composite membranes with 30 and 40 wt% TMSP-TMA þ (see Table 1 ). The low permeability of the QPEK-C based AEM membranes can be explained by the following: (a) quaternary ammonium groups hinder the intrusion of the positively charged vanadium cations (Donnan effect), and (b) the relatively narrower channels in hydrocarbon based AEMs (less than 1 nm) and the larger tortuosity of the ionic channels compared to perfluorinated PEMs hinder ion transport. Furthermore, in the composite AEMs, TMSP-TMA þ particles can partially block the ionic channels, thereby increasing the tortuosity, while the fixed groups on their surface (propyl trimethyl ammonium) allow sulfate ions to be transported (contributing to ionic conductivity), while rejecting the vanadium cations by Donnan exclusion. The mechanical strength, flexibility and stiffness of the pristine and composite membranes were investigated by performing stress-strain measurements. The strength and flexibility of the composite membranes was modestly enhanced by incorporation of TMSP-TMA þ up to a loading of approximately 20% (Fig. 1) . However, for TMSP-TMA þ loadings above 10e20%, both strength and flexibility started to decrease. The UTS started decreasing at loadings above 10 wt i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n e n e r g y 4 1 ( 2 0 1 6 ) 1 0 7 6 6 e1 0 7 7 5 % and the EB for loadings above than 20 wt%. The lowest strength and flexibility was observed for the composite membrane with 40wt% TMSP-TMA þ . The stiffness of the composite membranes was estimated in terms of the Young's modulus, which was determined from the slope of the stressstrain curves in the initial linear region. The highest Young's modulus (0.11 GPa) was obtained for the pristine membranes (QPEK-C). Composite AEMs (QPEK-C/10-40wt%TMSP-TMA þ ) were less stiff than QPEK-C AEMs and had Young's moduli in the interval 0.07e0.11 GPa. This is reasonable, assuming that the load bearing phase gradually transitions from the polymer phase to the more brittle inorganic phase with increasing additive loading.
Thermogravimetric analysis performed under nitrogen atmosphere showed that the onset temperature for degradation of QPEK-C/10-40wt%TMSP-TMA þ composite membranes was approximately 20 C higher than for QPEK-C AEM (see AEMs under the highly oxidizing conditions found in an operating VRFB, we immersed the membranes in 1.5 M VO 2 þ solution in 3 M sulfuric acid, and monitored the changes in sulfate ion conductivity, UTS and EB over about 700 h. In our previous study [33] , QPEK-C AEMs (pristine membranes, without addition of any inorganic fillers) maintained their initial ionic conductivity after 1400 h in 1.
However, in this study, we must report that the QPEK-C/ ) observed for QPEK-C AEMs (pristine) was attributed to the intrusion of vanadium cations into the ionic channels of the polymer matrix [33] . However, the ionic conductivity of the composite membranes decreased considerably after 72 h exposure to the VO 2 þ solution. We hypothesize that the decrease in the ionic conductivity was due to the oxidation of TMSP-TMA þ additives by the presence of VO 2 þ (a relatively strong oxidant species). H NMR spectrum was observed at 5.28 ppm; however, the same peak was not observed in the 1 He 13 C HMQC spectrum, demonstrating that the protons were directly bonded to carbon. The new peak was attributed to a hydroxide group that could result from the oxidation of TMSP-TMA þ by VO 2 þ and/or H 2 SO 4 . Thus, under strong oxidizing conditions (VO 2 þ þ H 2 SO 4 ), TMSP-TMA þ degrades and this results in the removal of the active functional groups. However, we note that the reduction in vanadium ion permeability by physical blockage of the ion transport pathways was still effective in the degraded additives. The mechanical properties and the stability under oxidizing conditions, of QPEK-C and composite AEMs, were investigated by monitoring UTS, EB, and Young's modulus (see Figs. S8eS10 in the ESI). Changes in the UTS are a good indicator of change in the polymer molecular weight [33] . However, during the stability tests, we did not observe any changes in the UTS of the AEMs. These results demonstrated that the polymer backbone remained stable upon immersion in 1.5 M VO 2 þ . But, the EB (for all the AEMs) decreased within a week of exposure to the oxidizing solution. We attribute this observation to the intrusion of immovable vanadium cations into the polymer matrix. As a consequence of the vanadium cation intrusion, the composite membranes became more stiff. Even though TMSP-TMA þ additives were not chemically stable when immersed in the oxidizing VO 2 þ solution, the degradation of the additives did not significantly influence the mechanical properties of QPEK-C/TMSP-TMA þ AEM composites. i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n e n e r g y 4 1 ( 2 0 1 6 ) 1 0 7 6 6 e1 0 7 7 5
Single-cell VRFB chargeedischarge cycling tests Fig. 3 shows the CEs and EEs of VRFBs (operated at constant current densities ranging from 20 to 100 mAcm
À2
) assembled with QPEK-C AEM, QPEK-C/20wt%TMSP-TMA þ composite AEM, and Nafion ® 212 PEM membrane separators. When the current density was increased, it took less time for a full charge or discharge in the VRFBs, which resulted in higher CEs. The retention time for a single chargeedischarge cycle is a dominant factor that determines the CE in a VRFB system [34] . Longer times to charge and discharge the battery leads to more cation (vanadium) cross-mixing via transport through the membrane separator. Composite AEMs (QPEK-C/10-40 wt% TMSP-TMA þ ) had lower VO 2þ permeability than QPEK-C (see Table 1 ), resulting typically in a higher CE than when using Nafion ® 112 as separator. However, in this study, we found that the differences between CEs for Nafion ® and for the composite membranes were only significant when the flow battery was charged and discharged at current densities below 60 mA cm
. In Fig. S13 , we show a typical voltage vs. time charge/discharge curve for a vanadium redox flow battery assembled with a QPEK-C þ20wt%TMSP-TMA þ AEM separator.
The battery was operated at a current density of 100 mAcm , respectively. EE (product of VE by CE) is governed dominantly by the VE because the CE is close to 100%. Even if the membrane has some effect on CE due to cation intermixing, the typical current densities used to charge and discharge the flow battery make the differences too small, and hence the differences in CEs can be neglected. Both VE and EE decreased monotonically as the current density increased from 20 to 100 mA cm À2 (see Fig. 3 and Fig. S11 ). The reduction in VE resulted from an increase in cell overpotentials with increasing current density. QPEK-C/ 20wt% TMSP-TMA þ composite AEMs exhibited larger EEs than The electrochemical activity of the electrodes towards change/discharge reactions, the ohmic resistance of the membrane, and capacity fading are critical factors that determine VRFB performance during long-term operation. We have assumed that the kinetics at the electrodes were the same for the VRFBs employing Nafion ® , QPEK-C and QPEK-C/ 20wt% TMSP-TMA þ composite AEMs as identical carbon felt electrodes and activation processes were used in all the experiments. The transport of active vanadium species through the membrane separator during battery charge/discharge resulted in capacity fading. Capacity fading was relatively high for Nafion ® 212 separator when compared with the AEM separators (Fig. 4) . After 30 chargeedischarge cycles (approximately 60 h), battery capacity faded approximately by 30% when using Nafion ® 212 separator, while only 10% capacity loss was i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n e n e r g y 4 1 ( 2 0 1 6 ) 1 0 7 6 6 e1 0 7 7 5 observed with QPEK-C AEM and QPEK-C/20wt% TMSP-TMA þ composite AEMs. Capacity fading degrades the EE during long-term testing, as shown in Fig. 5 . The average voltage dropped with the number of cycles due to the decrease in flow battery capacity, and resulted in lower VE and EEs. Over 30 chargeedischarge cycles, about 8% loss in EE was observed in a VRFB employing QPEK-C/20wt% TMSP-TMA þ composite AEM, while only 3e4% loss in the EE was observed in a VRFBs employing Nafion ® 212
and QPEK-C AEM. There are several reasons to explain the decrease of EEs over longer operational times. One reason is loss of electrode activity. However, since we had used the same electrodes for all the cells, this can not explain the differences encountered between the membranes tested. We can also attribute the more rapid degradation of EE in VRFBs using composite AEM separators membranes to the degradation of the TMSP-TMA þ inorganic additive during battery operation.
Despite the degradation of the inorganic additives in the composite membrane, the final EEs obtained using these separators (after 30 chargeedischarge cycles) were slightly higher than VRFBs assembled with QPEK-C AEM and Nafion . VRBs operated with a QPEK-C/20wt%TMSP-TMA þ composite AEM yielded an energy efficiency (EE) 6%
higher that QPEK-C AEM and Nafion ® 212 membrane.
Approximately 10% capacity fade during 30 charging/discharging cycles (approximately 60 h), was observed when using QPEK-C AEM and QPEK-C/20wt%TMSP-TMA þ composite AEM as the membrane separator in a VRFB. 30% capacity fade was measured for a Nafion ® 212 membrane separator. The EE of QPEK-C/20wt%TMSP-TMA þ composite AEM was in the interval 74e82% (during the 30 charging/discharging cycles), while Nafion ® 212 and the QPEK-C AEM provided relatively constant EEs in the range 72e76%.
In conclusion, QPEK-C and QPEK-C/TMSP-TMA þ composite
AEMs can effectively delay efficiently vanadium species crossmixing, resulting in reasonable CE and EE. Despite TMSP-TMA þ degradation in VO 2 þ solutions, the EEs in VRFB employing QPEK-C/20wt%TMSP-TMA þ were higher than for QPEK-C AEM and Nafion ® 212 membrane separators. The improvements in ionic conductivity achieved by introducing TMSP-TMA þ functionalized inorganic filler into the QPEK-C polymeric matrix were substantial (providing ample proof of concept for our proposed approach), however, due to the degradation of TMSP-TMA þ in presence of VO 2 þ , it is necessary to develop more stable functionalized inorganic materials. Acknowledgments V.R. acknowledges the Office of Naval Research (contract number N00014-14-1-0705) for funding work related to anion exchange membranes and the S. R. Cho Endowed Chair Professorship for funding the flow battery work. We would also 
